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A b s t r a c t :  Iso lated  pho tons w ith  high transverse  energy have been stud ied  in deep in­
elastic ep sca tte rin g  w ith  th e  ZEUS d e tec to r a t H E R A , using an  in teg ra ted  lum inosity  
of 326 p b - 1  in th e  range of exchanged-photon  v irtu a lity  10-350 G eV 2. O utgoing isolated 
pho tons w ith  transverse  energy 4 <  E ^  <  15 GeV and pseudorap id ity  - 0 .7  <  <  0.9
were m easured w ith  accom panying je ts  having transverse  energy and  pseudorap id ity  2.5 <  
E ^  <  35 GeV and  -1 .5  <  rjjet < 1.8, respectively. D ifferential cross sections are presented  
for th e  following variables: th e  fraction  of th e  incom ing p ho ton  energy and  m om entum  th a t  
is tran sferred  to  th e  ou tgoing pho ton  and  th e  leading je t; th e  fraction  of th e  incom ing pro­
to n  energy tran sferred  to  th e  pho ton  and  leading je t; th e  differences in az im uthal angle and 
pseudorap id ity  betw een th e  outgoing pho ton  and  th e  leading je t and  betw een th e  outgoing 
p h o ton  and  th e  sca tte red  electron. C om parisons are m ade w ith  theo re tical predictions: a 
lead ing-logarithm  M onte C arlo  sim ulation, a nex t-to-lead ing-order QCD predic tion , and  a 
p red ic tion  using th e  ky -facto risa tion  approach.
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1 In trodu ction
T he isolated  high-energy pho tons th a t  are  em itted  in high-energy collisions involving 
hadrons are p redom inan tly  unaffected by p a rto n  had ron isa tion . T h eir p roduc tion  probes 
th e  underly ing  parto n ic  process and  can  provide in form ation  on th e  s tru c tu re  of th e  p ro ton . 
Processes of th is ty p e  have been stud ied  in a num ber of fixed-target and  hadron-collider 
experim ents [1- 10]. T he p rod u c tio n  of isolated pho tons in pho top roduction , w here th e  
incom ing pho ton  is quasi-real, was previously stud ied  a t H E R A  by th e  ZEUS and  H1 col­
labo ra tions [11- 15]. Deep inelastic n eu tra l cu rren t (NC) ep sca tte rin g  (DIS), in which th e  
exchanged p h o ton  has v irtu a lity  Q 2 >  1 GeV2, has also been m easured in a varie ty  of 
Q 2 ranges [16- 18]. T he analysis presented  here ex tends an  earlier ZEUS m easurem ent of 
iso lated  pho tons and  je ts  in DIS [19].
F igure 1 shows leading-order d iagram s for high-energy pho ton  p rod u c tio n  in DIS. Such 
“p ro m p t” pho tons are em itted  e ither by th e  incom ing or ou tgoing q u ark  or by th e  incom ing 
or ou tgoing lepton. In  th e  first case, th e  pho tons are classified as “Q Q ” photons, and  th e  
hadron ic process has tw o h ard  scales: th e  v irtu a lity  Q 2 of th e  incident exchanged pho ton  
and  th e  square of th e  transverse  m om entum  of th e  p ro m p t photon . In  th e  second case, th e  
pho tons are deno ted  as “LL” and  are em itted  from  th e  incom ing or ou tgoing lepton. T he 
p resent analysis requires th e  observation  of a sca tte red  electron, a high-energy outgoing





ph o ton  and  a hadron ie je t. P rocesses in which th e  final s ta te  consists solely of a hard  
outgoing electron and  a hard  outgoing pho ton  are thereby  excluded. B y requiring th e  
outgoing p h o ton  to  be isolated, a fu rth e r class of processes in w hich th e  pho ton  is produced 
w ith in  a je t  is suppressed.
In  th e  previous ZEUS pub lication  on th is  top ic [19], k inem atic  d is trib u tio n s of th e  
outgoing p ho ton  and  th e  je t  were stud ied . U sing th e  sam e d a ta  set, th e  analysis is ex tended  
here by m easuring variables th a t  involve tw o of th e  ou tgoing photon , th e  je t and  th e  
sca tte red  electron. R esults from  a lead ing-logarithm  parton-show er M onte C arlo  [20] are 
com pared  to  th e  m easurem ents. C om parison is also m ade w ith  tw o theo re tica l m odels: 
one a t nex t-to -lead ing  o rder (NLO) in Q CD  [21, 22], and  one based on a k T-facto risation  
approach  [23].
2 E xperim en ta l set-up
T h e  d a ta  sam ple used for th e  m easurem ent corresponds to  an  in teg ra ted  lum inosity  of 
326 ±  6 p b - 1  and  was tak en  w ith  th e  ZEUS d e tec to r in th e  years 2004-2007. D uring  th is  
period, H E R A  ran  w ith  an  e lec tro n /p o s itro n  beam  energy of 27.5 GeV and  a p ro to n  beam  
energy of 920 GeV; 138 ±  2  p b - 1  of e+p d a ta  and  188 ±  3 p b - 1  of e- p  d a ta 1 were used in 
th e  presen t analysis.
A deta iled  descrip tion  of th e  ZEUS d etec to r can  be found elsew here [24]. C harged p a r­
ticles were recorded in th e  cen tra l track ing  d e tec to r (C T D ) [25- 27] and  a silicon m icrovertex  
d e tec to r [28] which o p era ted  in a m agnetic field of 1.43 T  provided by a th in  superconduct­
ing solenoid. T he h igh-resolution u ran ium -sc in tilla to r calo rim eter (CAL) [29- 32] consisted 
of th ree  parts: th e  forw ard (FC A L), th e  barrel (BCAL) and th e  rear (RCAL) calorim eters. 
T he B CA L covered th e  pseudorap id ity  range -0 .7 4  to  1.01 as seen from  th e  nom inal in­
te rac tio n  p o in t .2 T he FC A L and R CA L ex tended  th e  range to  - 3 .5  to  4.0. T he sm allest 
subdivision  of th e  CAL is called a cell. T he barrel elec trom agnetic  calo rim eter (BEM C) 
cells had  a poin ting  geom etry  aim ed a t th e  nom inal in te rac tion  poin t, w ith  a cross section 
approx im ate ly  5 x 20 cm 2, w ith  th e  finer g ran u la rity  in th e  Z -d irection . T his fine g ranu­
la rity  allows th e  use of show er-shape d istrib u tio n s  to  d istingu ish  isolated pho tons from  th e  
p ro d u c ts  of n eu tra l m eson decays such as n 0 ^  7 7 .
T he lum inosity  was m easured using th e  B ethe-H eitle r reaction  ep ^  eyp  by a lum i­
nosity  d e tec to r which consisted of tw o independen t system s: a lead-scin tilla to r calorim e­
te r  [33- 35] and  a m agnetic  spec trom eter [36].
3 E vent selection  and reconstruction
T he ZEUS experim ent opera ted  a three-level trigger system  [24, 37 , 38]. A t th e  first level, 
events were selected if th ey  had  an  energy deposit in th e  CAL consisten t w ith  an  isolated
1Hereafter, “electron” refers to both electrons and positrons unless otherwise stated.
2The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the 
nominal proton beam direction, referred to as the “forward direction” , and the X  axis pointing towards the 
centre of HERA. The coordinate origin is at the centre of the central tracking detector. The pseudorapidity 
is defined as n =  — ln (tan | ) , where the polar angle, 0, is measured with respect to the Z axis. The 






electron. At th e  second level, a requirem ent on th e  energy and  long itud inal m om entum  
of th e  event was used to  select NC DIS events. A t th e  th ird  level, th e  full event was 
reconstructed  and  tig h te r  requirem ents for a DIS electron were m ade. Offline selections, 
sim ilar to  those of th e  earlier ZEUS analysis [19], were th en  applied.
O utgoing electrons were selected w ith  p o lar angle 9e > 140° in o rder to  provide a good 
m easurem ent in th e  RCA L, k inem atically  separa ted  from  th e  selected outgoing photons. 
T h eir im pact po in t (X ,Y ) on th e  surface of th e  R CA L was required  to  lie ou tside a rec t­
angu lar region ±14 .8  cm  in X  and  [-1 4 .6 , +12.5] cm  in Y , to  give a well understood  
acceptance. T he outgoing electrons were identified using a neural netw ork [39], and  th e  
energy of th e  outgoing electron, E'e , corrected  for a p p a ra tu s  effects, was required  to  be 
larger th a n  10 GeV. T he k inem atic  variable Q 2 was reconstructed  as Q 2 =  — (k — k ') 2, 
w here k (k ') is th e  four-m om entum  of th e  incom ing (outgoing) electron. T he k inem atic 
region 10 <  Q 2 <  350 GeV 2 was selected.
A requirem ent th a t  th e  event vertex  position, Z ^ x, should be w ith in  th e  range |Z vtx| <  
40 cm  reduces th e  background from  non-ep collisions. A fu rth e r requirem ent for a well- 
contained  D IS event, 35 <  E —p Z <  65 GeV, was im posed w here E —p Z =  ^  E ^ 1  — cos 9i);
i
E i is th e  energy of th e  i- th  CAL cell, 9i is its po lar angle and  th e  sum  runs over all cells [40].
P h o to n  cand ida tes were identified as energy-flow ob jects  (E F O s ) 3 w ith o u t an  associ­
a ted  track , for which a t least 90% of th e  reconstructed  energy was deposited  in th e  B E M C . 
T he ca lib ra tion  of th e  energies of th e  p h o ton  and  sca tte red  electron  was tak en  from  an 
earlier ZEUS analysis and used deeply  v irtu a l C om pton  sca tte rin g  events [44]. T he re­
co n stru c ted  transverse  energy of th e  pho ton  cand ida te , E j , was required  to  lie w ith in  th e  
ran g e4 4 <  E j  <  15 GeV and  th e  pseudorapidity , p7 , had  to  satisfy  —0.7 <  p7  <  0.9.
Je ts  were reconstructed  w ith  th e  ky  c lustering  algorithm  [45] in th e  E  scheme in th e  
longitudinally  invarian t inclusive m ode [46] w ith  th e  R  p a ram ete r set to  1.0. Since all 
E F O s of th e  event were used except for th e  electron signal, one of th e  je ts  found by th is 
procedure corresponds to  or includes th e  p ho ton  cand ida te . At least one accom panying je t 
was required  w ith  transverse  energy E j 4 >  2.5 GeV and  pseudorapidity , pjet, in th e  range 
— 1.5 <  pJet <  1.8; if m ore th a n  one je t was found, th a t  w ith  th e  highest E j 4 was used.
P h o to n s rad ia ted  from  final-sta te  electrons were suppressed by requiring th a t  A R  >  
0 .2 , w here A R  =  y /(A 0 ) 2 +  (A p ) 2 is th e  d istance to  th e  nearest reconstructed  track  w ith  
m om entum  g rea te r th a n  250 M eV in th e  p — 0  plane. Iso lation  from  hadron ic ac tiv ity  was 
im posed by requiring th a t  th e  pho ton  can d id a te  possessed a t least 90% of th e  to ta l energy 
of th e  jet-like ob ject of w hich it form ed a p a r t. T his also reduced th e  background of pho ton  
cand ida tes arising  from  n eu tra l m eson decay.
A pproxim ately  6000 events were selected a t th is  stage; th is  sam ple was dom inated  by 
background events in which one or m ore n eu tra l m esons such as n 0 and  p, decaying to  
photons, p roduced a pho ton  can d id a te  in th e  BEM C.
3Energy-flow objects [41- 43] were constructed from calorimeter-cell clusters and tracks, associated when 
possible.
4The upper limit was selected to retain distinguishable shower shapes between the hadronic background
and the photon signal.





4 V ariables stud ied
In  th e  previous ZEUS publication  [19], d is trib u tio n s  of pho ton  and  je t  variables were s tu d ­
ied. In  th e  present analysis, variables th a t  depend  on tw o of th e  th ree  m easured outgoing 
physical ob jects  were stud ied , nam ely th e  high-pT photon , th e  leading je t and  th e  sca tte red  
electron. T hey  were defined as follows:
•  x i p 8 is a m easure of th e  fraction  of th e  exchanged-photon  energy and  longitud inal 
m om entum  th a t  is given to  th e  outgoing p h o ton  and  th e  je t:
„ m a . =  E Y -  PZ +  E Jet -  j  
Y 2 E ey jb  ’
w here E 7  and E Jet deno te  th e  energies of th e  outgoing p ho ton  and th e  je t, respec­
tively, pZ and  p f  deno te  th e  corresponding  long itud inal m om enta, E e =  27.5 GeV, 
and  th e  Jacquet-B londel variable y JB is given by ^3e f o ( E EFO — PFFO) /2 E e, sum ­
m ing over all energy-flow ob jects  in th e  event except th e  sca tte red  electron, each 
ob ject being trea ted  as equivalent to  a m assless partic le . T his variable is sensitive to  
h igher-order processes th a t  generate  add itional partic les in th e  event;





•  „pbs estim ates th e  fraction  of th e  p ro to n  energy tran sferred  to  th e  outgoing pho ton  
and  je t:
„obs =  EY +  P z +  EJet +  J  
„  2 Ep ’
w here E p =  920 GeV. T his variable is sensitive to  th e  p arto n ic  s tru c tu re  of th e  proton;
•  A 3  is th e  az im uthal angle betw een th e  je t  and  th e  ou tgoing photon: A 3  =  |3 Jet — 3 Y1, 
w here 3 *et and  3 Y deno te  th e  az im uthal angles of th e  je t  and  photon , respectively. 
T his variable is sensitive to  th e  presence of h igher-order gluon rad ia tio n  from  th e  
outgoing quark , which generates a co n trib u tio n  to  th e  non-collinearity  betw een th e  
pho ton  and  th e  leading je t;
•  A n  is th e  difference in pseudorap id ity  betw een th e  je t and  th e  ou tgoing photon: 
A n  =  nJet — nY, w here n*et and  nY deno te  th e  pseudorap id ity  of th e  je t  and  th e  
photon , respectively. T his variable is sensitive to  th e  dynam ical properties of th e  
sca tte rin g  process;
•  A 3 e ’7  is th e  az im uthal angle betw een th e  sca tte red  electron and  th e  outgoing photon: 
A 3 e ’7  =  |3 e — 3 7 1, w here 3 e denotes th e  az im uthal angle of th e  electron; th is  and  th e  
following variable are sensitive to  h igher-order processes and to  w hether th e  process 
is LL or QQ;
•  A n e ’7  is th e  difference in pseudorap id ity  betw een th e  sca tte red  electron  and th e  pho­
ton: A n e ’7  =  ne — nY, w here ne denotes th e  pseudorap id ity  of th e  electron.
A sim ilar ZEUS analysis has been previously perform ed for pho to p ro d u ctio n  [44], 
s tudy ing  all th e  present variables except those  associa ted  w ith  th e  sca tte red  electron.
5 E vent sim ulation
M onte C arlo (M C) event sam ples were generated  to  evaluate  th e  d e tec to r acceptance and 
to  provide signal and background d istribu tions. T he program  P y t h ia  6.416 [20] was used 
to  sim ulate p ro m p t-p h o to n  em ission for th e  stu d y  of th e  even t-reconstruction  efficiency. In 
P y t h ia , th is  process is sim ulated  as a DIS process w ith  add itional p h o ton  rad ia tio n  from  
th e  q u ark  line to  account for QQ photons. R ad ia tio n  from  th e  lep ton  is no t sim ulated .
T he LL pho tons th a t  were rad ia ted  in to  th e  d e tec to r and  were isolated from  th e  o u t­
going electron were sim ulated  using th e  g en era to r D ja n g o h  6  [47], an  in terface to  th e  MC 
program  H e r a c l e s  4.6.6 [48]; h igher-order QCD effects were included using th e  colour 
d ipole m odel of A r i a d n e  4.12 [49]. H adron isa tion  of th e  p arto n ic  final s ta te  was in each 
case perform ed by J e t s e t  7.4 [50] using th e  L und string  m odel [51]. In terference betw een 
th e  LL and  QQ term s was neglected.
T he m ain  background to  th e  QQ and LL pho tons cam e from  photonic decays of n eu tra l 
m esons produced  in general DIS processes. T his background was sim ulated  using D ja n g o h  
6 , w ith in  th e  sam e fram ew ork as th e  LL events. T his provided a realistic spec trum  of single 
and  m ultip le m esons w ith  well m odelled k inem atic  d istribu tions.
T he generated  M C events were passed th ro u g h  ZEUS d e tec to r and  trigger sim ulation  
program s based on G e a n t  3.21 [52]. T hey  were th en  reconstructed  and  analysed by th e  
sam e program s as th e  d a ta .
6 T h eoretica l calcu lations
T he P y t h i a  pred ictions and  th e  pred ic tions of tw o parton-level m odels were com pared to  
th e  resu lts of th e  present analysis. T he NLO Q CD calcu lation  of A urenche, F on tannaz and 
G uillet (A FG ) [21], was perform ed in th e  MS scheme. U ncerta in ties  on th e  QCD scale a t 
th is  o rder co n trib u te  a norm alisation  u n ce rta in ty  of typ ically  ± 8 %. T his ca lcu lation  was 
perform ed in th e  centre-of-m ass fram e and  transfo rm ed  in to  th e  lab o ra to ry  fram e, which 
in troduces uncerta in ties  on th e  cross sections in som e regions of th e  p aram ete r space due to  
n o n -p e rtu rb a tiv e  effects [2 2 ]. T he A FG  predic tions were calcu lated  w ith  a cu t of 2.5 GeV 
on th e  p h o ton  transverse  m om entum  in th e  centre-of-m ass fram e, and do not include an  LL 
con tribu tion , w hich was evaluated  using th e  D j a n g o h - H e r a c l e s  sim ulation and  added 
separate ly  to  th e  A FG  calcu lation  for com parison w ith  th e  d a ta . T he uncerta in ties on th e  
A FG  predic tions shown in th e  present p ap e r represen t th e  QCD scale uncertain ties.
A calcu lation  by B aranov, L ipatov  and  Zotov (BLZ) [23] used u p d a ted  param eters  
for th e  present paper. I t  is based on th e  k T-facto risation  m ethod . T his approach  uses 
u n in teg ra ted  p a rto n  densities and  takes in to  account b o th  QQ and  LL photons, neglecting 
th e  sm all in terference con tribu tion . T he final resu lt is ob ta in ed  as th e  convolution of th e  
off-shell sca tte rin g  m a trix  elem ent w ith  th e  u n in teg ra ted  q u ark  d is trib u tio n  in th e  pro ton . 
In  th e  k x -facto risa tion  theory, some p a r t of th e  final-sta te  je ts  can  o rig inate  no t only from  
th e  hard  subprocess b u t also from  th e  p a rto n  evolution cascade in th e  in itia l s ta te . T he 






In  th e  previous ZEUS analysis of p ro m p t pho tons in DIS, th e  m easured variables were 
associa ted  w ith  th e  en tire  event, w ith  th e  outgoing photon , and  w ith  je ts . C om parisons 
were m ade to  an  earlier NLO Q CD th eo ry  [53- 55] and  to  BLZ. B o th  theories described th e  
shapes of th e  single-partic le cross sections well, b u t failed to  reproduce th e  no rm alisation  of 
th e  d a ta . A la te r version of th e  original A FG  ca lcu la tion  agreed well w ith  th e  resu lts [56], 
and  has been used in th e  present study.
T he pred ic tions of A FG  and  BLZ were calcu lated  a t th e  p a r to n  level and  incorporated  
k inem atic  and  isolation crite ria  corresponding  to  th e  d a ta . C orrections to  th e  had ron  level 
were m ade using P y t h ia  to  determ ine th e  ra tio  of th e  hadron-level cross sections to  those 
a t th e  p a r to n  level for each variable in each bin. T he P y t h ia  events were w eighted a t 
th e  p a rto n  level to  represen t th e  shapes of th e  A FG  and  BLZ d istrib u tio n s in in
order to  ca lcu late  th e  had ron isa tion  corrections for all th e  o th e r m easured variables. T he 
corrections for A FG  and BLZ were sim ilar to  w ith in  10%. T his procedure was also applied 
separate ly  to  th e  A FG  predic tions for th e  different Q 2 ranges.
For th e  BLZ d is trib u tio n , 98% of th e  parton-level cross section is in th e  (0.9,
1 .0 ) bin; consequently, for th is  variable a tran sfe r m a trix  from  th e  p a rto n  to  th e  hadron  
level was calcu lated  using P y t h i a .  T he sam e procedure was used for th e  A FG  x!)16̂  
d is trib u tio n . T he relevant tran sfe r m atrices for th e  o th e r variables gave sim ilar resu lts to  
th e  rew eighting procedure.
7 E xtraction  o f th e  p hoton  signal
T he event sam ple selected according to  th e  crite ria  described in section 3 was dom inated  by 
background from  n eu tra l m eson decays; th u s th e  p h o ton  signal was ex trac ted  s ta tis tica lly  
following th e  approach  used in previous ZEUS analyses [11- 13, 16, 17].
T he p h o ton  signal was evaluated  m aking use of th e  w id th  of th e  B EM C  energy-cluster 
corresponding  to  th e  pho ton  cand ida te . T his was calcu lated  as th e  variable
w here Z  is th e  Z  position  of th e  cen tre  of th e  i- th  cell, Z clust6r is th e  cen tro id  of th e  EFO  
cluster, wc6ii is th e  w id th  of th e  cell in th e  Z  d irection, and  E j is th e  energy recorded in 
th e  cell. T he sum  runs over all B EM C  cells in th e  E FO .
T he d is trib u tio n s  of ( S Z ) for th e  full d a ta  set and  th e  fitted  M C are shown in figure 2 . 
T he (SZ) d is trib u tio n  exhib its a double-peaked s tru c tu re  w ith  th e  first peak  a t «  0.1, 
associa ted  w ith  th e  pho ton  signal, and  a second peak a t «  0.5, dom inated  by th e  n 0 ^  7 7  
background.
T he co n trib u tio n  of iso lated-pho ton  events was determ ined  for each bin  in each m ea­
sured variable by a x 2 fit to  th e  (SZ ) d is trib u tio n  in th e  range 0.05 <  (SZ) <  0.8, using th e  
LL and QQ signal and  background M C d is trib u tio n s as described in section 5 . T he m ean 
value of x 2 /n .d .f  was 1.2. C om pared to  th e  earlier ZEUS pub lication  [19], im provem ents 
have been m ade in th e  m odelling of th e  shapes of th e  (SZ ) d is trib u tio n s  of th e  QQ and 








F ig u re  1. Lowest-order diagrams for photon production in ep scattering. (a), (b): quark radiative 
diagrams (QQ); (c), (d): lepton radiative diagrams (LL).
electron  in M C sim ulation  of DIS and  in real d a ta . B y trea tin g  th e  LL and  QQ pho­
tons separately, account is tak en  of th e  effect of th e ir  differing kinem atic d is trib u tio n s on 
th e  acceptance, and  th e  effect of th e ir  differing (n, E T) d is trib u tio n s on th e  shape of th e  
ph o ton  signal.
In  perform ing th e  fit, th e  theo re tica lly  well determ ined  LL co n trib u tio n  was kept con­
s tan t a t its M C -predicted  value and  th e  o th e r com ponents were varied. O f th e  6149 events 
selected, 2451 ±  102 correspond to  th e  ex trac ted  signal, including 526 LL photons. T he 
fitted  scale facto r applied to  th e  Q Q co n trib u tio n  in figure 2  was 1.6, consisten t w ith  th e  
earlier ZEUS analysis.
For a given observable Y , th e  p roduc tion  cross section was determ ined  for each 
bin  using
dv  =  a q q  • N ( Yqq) +  d a fL ' 
d Y  £ •  A Y  dY  ’
w here N ( y q q ) is th e  num ber of QQ pho tons ex trac ted  from  th e  fit, A Y  is th e  bin  w id th , L 






F ig u re  2. Distribution of (JZ) for the full data sample. The error bars represent the statistical 
uncertainties on the data points. The solid line shows a fit to the data of three components with 
fixed shapes as described in the text. The hatched histograms represent the LL and fitted QQ 
components of the fit and the fitted hadronic background (BG).
D j a n g o h - H e r a c l e s  and  A q q  is th e  acceptance correction for QQ photons. T he value 
of A q q  was calcu lated , using th e  P y t h i a  M C, from  th e  ra tio  of th e  num ber of events 
generated  to  those reconstructed  in a given bin; it lies in th e  range 0.91-2.28. To im prove 
th e  rep resen ta tion  of th e  d a ta , and  hence th e  accuracy  of th e  accep tance corrections, th e  
M C predictions were rew eighted. T his was done using param eterised  functions of Q 2 and 
of nY, and  also b in-by-bin  as a function  of pho ton  energy; th e  th ree  rew eighting factors 
were applied  m ultiplicatively. T heir net effect on th e  acceptances was small.
8 S ystem atic  un certa in ties
T he sources of system atic  u n ce rta in ty  on th e  m easured cross sections are as in th e  previous 
p ap e r [19]. T he principal sources of u n ce rta in ty  were evaluated  as follows:
•  th e  energy scale of th e  p h o ton  can d id a te  was varied by ±2% . T he m ean change of 
th e  cross section was ± 6 %;
•  th e  energy scale of th e  je ts  was varied by ±1 .5%  for je ts  w ith  Ejet >  10 GeV, ±2.5%  
for je ts  w ith  E j?  in th e  range [6 , 10] GeV and ±4%  for je ts  w ith  E j?  <  6  GeV. T he 
u n ce rta in ty  was typ ically  ±7% ;
•  th e  energy scale of th e  sca tte red  electron  was varied by ±2% . T he overall average 






System atic  uncerta in ties  re la ted  to  th e  M C generato rs were evaluated  as follows:
•  th e  dependence on th e  m odelling of th e  hadronic background by m eans of D ja n g o h - 
H e r a c l e s  was investigated  by varying th e  u p p er lim it for th e  (5Z ) fit in th e  range 
[0.6,1.0], giving varia tions th a t  were typ ically  ±5% ;
•  uncerta in ties in th e  acceptance due to  th e  P y t h i a  m odel were accounted for by 
tak in g  half of th e  change a ttr ib u ta b le  to  th e  rew eighting described in section 7 as a 
system atic  uncertain ty ; for m ost bins th e  effect was approx im ate ly  1%.
O th er sources of system atic  u n ce rta in ty  were found to  be negligible and  were ignored [17, 
57]: these included varia tions on th e  cu ts  on A R , th e  track  m om entum , E  — p Z , Z vtx and 
th e  electrom agnetic  frac tion  of th e  pho ton  shower, and  a varia tion  of 5% on th e  LL fraction.
T he system atic  uncerta in ties were sym m etrised  by tak in g  th e  m ean of th e  positive and 
negative u n ce rta in ty  values and  were com bined in q u ad ra tu re . T he com m on u ncerta in ty  
of 1 .8 % on th e  lum inosity  m easurem ent is no t included in th e  tab les and  figures.
9 R esu lts
D ifferential cross sections for th e  p rod u c tio n  of an  isolated  pho ton  in DIS w ith  an  add itional 
je t  have been m easured in th e  lab o ra to ry  fram e in th e  k inem atic  region defined by 4 <  
EY <  15 GeV, —0.7 <  p7  <  0.9, E j 4 >  2.5 GeV and  —1.5 <  pJet <  1.8. T he DIS electron 
was constra ined  to  be in th e  angu lar range de >  140°, w ith  energy g rea te r th a n  10 GeV 
and 10 <  Q 2 <  350 GeV2, w here Q 2 was determ ined  from  th e  electron  sca tte rin g  angle. 
T he je ts  were form ed according to  th e  ky-clustering  algorithm  w ith  th e  R  p aram ete r set 
to  1.0. P h o to n  isolation was im posed such th a t  a t least 90% of th e  energy of th e  jet-like 
ob ject con tain ing  th e  pho ton  belonged to  th e  photon .
T he differential cross sections for th e  full Q 2 range as functions of xYeas, x°bs, A 0 , A p, 
A 0 e ’7  and  A p e,Y are shown in figure 3 and  are given in tab les 1- 6 , w hich also list th e  values 
of th e  LL con tribu tions and  th e  had ron isa tion  corrections. T he cross section decreases w ith  
increasing xpbs, having a peak around  0 .0 1 , and  rises a t high values of xYeas, A 0  and  A 0 e’7 . 
T he predic tions for th e  sum  of th e  expected  LL co n trib u tio n  from  D j a n g o h - H e r a c l e s  
and  a fac to r of 1.6 tim es th e  expected  QQ co n trib u tio n  from  P y t h i a  agree well w ith  
th e  m easurem ents. T he success of th e  P y t h i a  calcu lation  can  be a ttr ib u te d  to  its use 
of a lead ing-logarithm  approach  to  gluon em ission to  augm ent its  LO p arto n -sca tte rin g  
calculation .
T he differential cross sections for th e  sep ara te  ranges 10 <  Q 2 <  30 GeV 2 and  30 <  
Q 2 <  350 GeV 2 are shown in figures 4 and  5 . In  b o th  these ranges, a good descrip tion  of 
th e  d a ta  is given by th e  com bination  of th e  LL and  P y t h i a  M Cs. T he LL co n tribu tion  
is sm all in th e  lower Q 2 region, as was a lready  seen in figure 3(a) of th e  earlier ZEUS 
p ub lication  [19]. In  th e  higher Q 2 range, th e  LL com ponent co n trib u tes  significantly, as 
can  be seen in th e  x°bs, A 0 , A p, and A p e,Y d is trib u tio n s w here it is dom inan t a t high values 











F ig u re  3. Differential cross sections in (a) xmeas, (b) Xpbs, (c) Â >, (d) An, (e) A ^ e’7, and (f) 
An6’7, for the full range 10 < Q2 < 350 GeV2. The inner and outer error bars show, respectively, 
the statistical uncertainty and the statistical and systematic uncertainties added in quadrature. 
The solid histograms are the Monte Carlo predictions from the sum of QQ photons from P y th i a  
normalised by a factor 1.6 plus D j a n g o h - H e r a c l e s  LL photons. The dashed (dotted) lines show 
the QQ (LL) contributions.







dx-meas (p b ) daLL (Pb)dx;yeas
had.
cor.
10 <  Q 2 <  350 G eV 2
0.0 -  0.4 0.94 ±  0 .20(sta t. ±  0 .1 1 (sys.) 0.06 ±  0 .0 1 (s ta t.) 0.63
0.4 -  0.6 2.73 ±  0 .43(sta t. )  ±  0 .32(sys.) 0.29 ±  0 .04(sta t.) 0.90
0.6 -  0.7 7.06 ±  1 .14(stat. ) ±  0.38(sys.) 0.65 ±  0 .09(sta t.) 1.27
0.7 -  0.8 9.64 ±  1 .24(stat. ) ±  1.06(sys.) 1.17 ±  0 .12(sta t.) 1.93
0.8 -  0.9 23.40 ±  1 .75(stat. ) ±  3.51(sys.) 3.67 ±  0 .22(sta t.) 2.06
0.9 -  1.0 42.34 ±  2 .26(sta t. ) ±  8.54(sys.) 13.49 ±  0 .42(sta t.) 0.64
10 <  Q 2 <  30 G eV 2
0.0 -  0.4 0.45 ±  0 .15(sta t. ±  0.09(sys.) 0 .0 1  ±  0 .0 1 (s ta t.) 0 .6 8
0.4 -  0.6 1.19 ±  0 .31(sta t. ±  0.18(sys.) 0.07 ±  0 .02(sta t.) 1 .0 0
0.6 -  0.7 4.30 ±  0 .88(sta t. ) ±  0.49(sys.) 0.23 ±  0 .06(sta t.) 1.30
0.7 -  0.8 5.58 ±  0 .88(sta t. ) ±  0.69(sys.) 0.16 ±  0 .04(sta t.) 2 .0 2
0.8 -  0.9 9.27 ±  1 .20(stat. ) ±  1.32(sys.) 0.54 ±  0 .08(sta t.) 2 .1 1
0.9 -  1.0 17.76 ±  1 .37(stat. ±  3.73(sys.) 1.89 ±  0 .16(sta t.) 0.63
30 <  Q 2 <  350 G eV 2
0.0 -  0.4 0.38 ±  0 .15(sta t. ±  0.05(sys.) 0.06 ±  0 .0 1 (s ta t.) 0.60
0.4 -  0.6 1.55 ±  0 .30(sta t. ±  0.23(sys.) 0.22 ±  0 .04(sta t.) 0.82
0.6 -  0.7 2.50 ±  0 .73(sta t. ±  0.36(sys.) 0.42 ±  0 .07(sta t.) 1.25
0.7 -  0.8 4.15 ±  0 .89(sta t. ±  0.53(sys.) 1 .0 1  ±  0 .1 1 (s ta t.) 1 .8 6
0.8 -  0.9 13.90 ±  1 .27(stat. ±  2 .0 1 (sys.) 3.14 ±  0 .20(sta t.) 2 .0 2
0.9 -  1.0 25.81 ±  1 .89(stat. ±  4.74(sys.) 11.61 ±  0 .38(sta t.) 0.65
T ab le  1. Measured differential cross-section dsdZ,as. The quoted systematic uncertainty includes 
all the components added in quadrature. The calculated LL contribution which was added to 
the P y th i a  and AFG calculations is also listed, and the hadronisation correction calculated for 
the AFG predictions. Differences between cross sections in the first section and the sum of the 
corresponding values in the second and third sections are of statistical origin.








4 b  (Pb) ^  (Pb)
had.
cor.
10 < Q 2 < 350 G eV 2
0.000 -  0.005 344.3 ±  31 .7 (sta t.) ±  22.9(sys.) 35.2 ±  3 .0 (sta t.) 0.69
0.005 -  0.010 661.8 ±  45 .3 (sta t.) ±  56.6(sys.) 110.8 ±  5 .3 (sta t.) 0.81
0.010 -  0.015 467.1 ±  38 .9 (sta t.) ±  35.5(sys.) 80.0 ±  4 .5 (sta t.) 0.91
0.015 -  0.025 164.5 ±  16 .5 (stat.) ±  16.1(sys.) 46.6 ±  2 .4 (sta t.) 0.99
0.025 -  0.040 46.7 ±  6 .8  (s ta t.)  ±  2.7 (sys.) 18.7 ±  1 .3 (stat.) 1.06
0.040 -  0.070 3.3 ±  0.6 (s ta t.)  ±  2.1 (sys.) 3.3 ±  0 .4 (sta t.) 1 .0 0
10 <  Q 2 <  30 G eV 2
0.000 -  0.005 201.8 ±  25 .0 (sta t.) ±  11.1(sys.) 8.4 ±  1 .4 (stat.) 0.71
0.005 -  0.010 319.6 ±  31 .4 (sta t.) ±  31.8(sys.) 19.4 ±  2 .2 (sta t.) 0.84
0.010 -  0.015 195.5 ±  24 .5 (sta t.) ±  20.5(sys.) 12.7 ±  1 .8 (stat.) 0.98
0.015 -  0.025 68.1 ±  10 .4 (stat.) ±  9.8 (sys.) 5.6 ±  0 .9 (sta t.) 1.03
0.025 -  0.040 18.7 ±  4.1 (s ta t.)  ±  9.5 (sys.) 2.1 ±  0 .4 (sta t.) 1.08
0.040 -  0.070 0 .2  ±  0 .1  (s ta t.)  ±  0 .1  (sys.) 0 .2  ±  0 .1 (s ta t.) 0.95
30 <  Q 2 <  350 G eV 2
0.000 -  0.005 149.3 ±  20 .0 (sta t.) ±  9.1 (sys.) 26.8 ±  2 .6 (s ta t.) 0 .6 8
0.005 -  0.010 340.7 ±  32 .9 (sta t.) ±  25.0(sys.) 91.4 ±  4 .8 (sta t.) 0.78
0.010 -  0.015 271.7 ±  30 .5 (sta t.) ±  17.4(sys.) 67.3 ±  4 .1 (sta t.) 0 .8 8
0.015 -  0.025 97.7 ±  12 .8 (stat.) ±  8.1 (sys.) 41.0 ±  2 .3 (sta t.) 0.97
0.025 -  0.040 37.5 ±  5.3 (s ta t.)  ±  3.1 (sys.) 16.6 ±  1 .2 (s ta t.) 1.06
0.040 -  0.070 3.0 ±  1.0 (s ta t.)  ±  2.1 (sys.) 3.0 ±  0 .4 (sta t.) 1 .0 1
T ab le  2. Measured differential cross-section dX0bs. Details as in table 1.








d fe  (p b / deg) S* (Pb / d e g ) had.cor.
10 <  Q 2 <  350 G eV 2
0 - 9 0  
90 -  130 
130 -  140 
140 -  150 
150 -  160 
160 -  170 
170 -  180
0.020 ±  0 .002(stat.) ±  0.003(sys.) 
0.063 ±  0 .005(stat.) ±  0.005(sys.) 
0.093 ±  0 .012(stat.) ±  0.008(sys.) 
0.080 ±  0 .012(stat.) ±  0.007(sys.) 
0.117 ±  0 .013(stat.) ±  0.006(sys.) 
0.129 ±  0 .011(stat.) ±  0.005(sys.) 
0.108 ±  0 .012(stat.) ±  0.007(sys.)
0.004 ±  0 .001(stat.) 
0 .0 1 2  ±  0 .0 0 1 (s ta t.) 
0.017 ±  0 .002(stat.) 
0 .0 2 1  ±  0 .0 0 2 (s ta t.) 
0 .0 2 1  ±  0 .0 0 2 (s ta t.) 
0.027 ±  0 .002(stat.) 








10 <  Q 2 <  30 G eV 2
0 - 9 0  
90 -  130 
130 -  140 
140 -  150 
150 -  160 
160 -  170 
170 -  180
0.004 ±  0 .001(stat.) ±  0.001(sys.) 
0.023 ±  0 .003(stat.) ±  0.002(sys.) 
0.042 ±  0 .010(stat.) ±  0.007(sys.) 
0.047 ±  0 .009(stat.) ±  0.005(sys.) 
0.057 ±  0 .010(stat.) ±  0.003(sys.) 
0.079 ±  0 .009(stat.) ±  0.004(sys.) 
0.064 ±  0 .009(stat.) ±  0.005(sys.)
0 .0 0 0  ±  0 .0 0 1 (s ta t.) 
0 .0 0 1  ±  0 .0 0 1 (s ta t.) 
0.003 ±  0 .001(stat.) 
0.004 ±  0 .001(stat.) 
0.005 ±  0 .001(stat.) 
0.007 ±  0 .001(stat.) 








30 <  Q 2 <  350 G eV 2
0 - 9 0  
90 -  130 
130 -  140 
140 -  150 
150 -  160 
160 -  170 
170 -  180
0.015 ±  0 .002(stat.) ±  0.002(sys.) 
0.040 ±  0 .004(stat.) ±  0.003(sys.) 
0.049 ±  0 .008(stat.) ±  0.002(sys.) 
0.030 ±  0 .008(stat.) ±  0.001(sys.) 
0.064 ±  0 .009(stat.) ±  0.007(sys.) 
0.046 ±  0 .007(stat.) ±  0.005(sys.) 
0.045 ±  0 .009(stat.) ±  0.003(sys.)
0.004 ±  0 .001(stat.) 
0 .0 1 1  ±  0 .0 0 1 (s ta t.) 
0.014 ±  0 .001(stat.) 
0.017 ±  0 .002(stat.) 
0.016 ±  0 .0 0 1 (s ta t.) 
0 .0 2 0  ±  0 .0 0 2 (s ta t.) 








T ab le  3. Measured differential cross-section . Details as in table 1.






range d fe  (Pb ) d s (p b ) had.cor.
10 <  Q 2 <  350 G eV 2
-2 .2  - - 1 . 5  
-1 .5  - - 0 . 8  
- 0 .8  -  - 0 .1  
- 0 .1  -  0 .6  
0.6 -  1.3 
1.3 -  2.0
0.32 ±  0 .08 (sta t.) ±  0.05(sys.) 
1.41 ±  0 .15 (sta t.) ±  0.14(sys.) 
2.38 ±  0 .22 (sta t.) ±  0.21(sys.) 
3.36 ±  0 .27 (sta t.) ±  0.23(sys.)
3.88 ±  0 .28 (sta t.) ±  0.22(sys.)
1 .8 8  ±  0 .2 1 (s ta t.)  ±  0 .1 2 (sys.)
0 .0 1  ±  0 .0 1 (s ta t.) 
0.06 ±  0 .0 1 (s ta t.) 
0 .2 1  ±  0 .0 2 (s ta t.) 
0.45 ±  0 .03(sta t.) 
0.87 ±  0 .04(sta t.) 







10 <  Q 2 <  30 G eV 2
-2 .2  - - 1 . 5  
-1 .5  - - 0 . 8  
- 0 .8  -  - 0 .1  
- 0 .1  -  0 .6  
0.6 -  1.3 
1.3 -  2.0
0.14 ±  0 .05 (sta t.) ±  0.03(sys.) 
0.51 ±  0 .12 (sta t.) ±  0.04(sys.) 
1.16 ±  0 .15 (sta t.) ±  0.09(sys.) 
1.70 ±  0 .19 (sta t.) ±  0.15(sys.) 
1.67 ±  0 .19 (sta t.) ±  0.13(sys.) 
0.71 ±  0 .13 (sta t.) ±  0.07(sys.)
0 .0 0  ±  0 .0 1 (s ta t.) 
0 .0 0  ±  0 .0 1 (s ta t.) 
0.04 ±  0 .01(sta t.) 
0.08 ±  0 .0 1 (s ta t.) 
0.14 ±  0 .02(sta t.) 







30 <  Q 2 <  350 G eV 2
-2 .2  - - 1 . 5  
-1 .5  - - 0 . 8  
- 0 .8  -  - 0 .1  
- 0 .1  -  0 .6  
0.6 -  1.3 
1.3 -  2.0
0.20 ±  0 .07 (sta t.) ±  0.03(sys.) 
0.86 ±  0 .09 (sta t.) ±  0.09(sys.) 
1.25 ±  0 .16 (sta t.) ±  0.13(sys.) 
1.68 ±  0 .19 (sta t.) ±  0.08(sys.) 
2.23 ±  0 .22 (sta t.) ±  0.19(sys.) 
1.16 ±  0 .16 (sta t.) ±  0.06(sys.)
0 .0 0  ±  0 .0 1 (s ta t.) 
0.05 ±  0 .01(sta t.) 
0.16 ±  0 .0 2 (s ta t.) 
0.37 ±  0 .03(sta t.) 
0.72 ±  0 .04(sta t.) 







T ab le  4. Measured differential cross-section -4̂ - . Details as in table 1.





A 0 e >7
range
(deg)
(Pb / d e S) (Pb / d e g )
had.
cor.
10 <  Q 2 <  350 G eV 2
0 - 4 5  
45 -  80 
80 -  1 1 0  
110 -  135 
135 -  155 
155 -  180
0.025 ±  0 .003(stat.) ±  0.002(sys.) 
0.042 ±  0 .004(stat.) ±  0.003(sys.) 
0.047 ±  0 .004(stat.) ±  0.003(sys.) 
0.068 ±  0 .006(stat.) ±  0.006(sys.) 
0.093 ±  0 .009(stat.) ±  0.007(sys.) 
0.085 ±  0 .008(stat.) ±  0.008(sys.)
0.009 ±  0 .001(stat.) 
0 .0 1 0  ±  0 .0 0 1 (s ta t.) 
0 .0 1 0  ±  0 .0 0 1 (s ta t.) 
0 .0 1 2  ±  0 .0 0 1 (s ta t.) 
0.015 ±  0 .001(stat.) 







10 <  Q 2 <  30 G eV 2
0 - 4 5  
45 -  80 
80 -  1 1 0  
110 -  135 
135 -  155 
155 -  180
0.013 ±  0 .002(stat.) ±  0.002(sys.) 
0.018 ±  0 .003(stat.) ±  0.001(sys.) 
0.024 ±  0 .003(stat.) ±  0.002(sys.) 
0.033 ±  0 .005(stat.) ±  0.002(sys.) 
0.031 ±  0 .006(stat.) ±  0.002(sys.) 
0.038 ±  0 .005(stat.) ±  0.004(sys.)
0 .0 0 2  ±  0 .0 0 1 (s ta t.) 
0 .0 0 2  ±  0 .0 0 1 (s ta t.) 
0 .0 0 1  ±  0 .0 0 1 (s ta t.) 
0 .0 0 2  ±  0 .0 0 1 (s ta t.) 
0 .0 0 1  ±  0 .0 0 1 (s ta t.) 







30 <  Q 2 <  350 G eV 2
0 - 4 5  
45 -  80 
80 -  1 1 0  
110 -  135 
135 -  155 
155 -  180
0 .0 1 2  ±  0 .0 0 2 (s ta t.)  ±  0 .0 0 1 (sys.) 
0.024 ±  0 .002(stat.) ±  0.002(sys.) 
0.023 ±  0 .003(stat.) ±  0.002(sys.) 
0.036 ±  0 .004(stat.) ±  0.003(sys.) 
0.063 ±  0 .007(stat.) ±  0.005(sys.) 
0.047 ±  0 .006(stat.) ±  0.004(sys.)
0.007 ±  0 .001(stat.) 
0.009 ±  0 .001(stat.) 
0.009 ±  0 .001(stat.) 
0 .0 1 0  ±  0 .0 0 1 (s ta t.) 
0.014 ±  0 .001(stat.) 







T ab le  5. Measured differential cross-section dA ^,Y . Details as in table 1.






range dA^C (P b) ddA r,Y  (Pb)
had.
cor.
10 <  Q 2 <  350 G eV 2
-3 .6  -  -3 .0  
-3 .0  -  -2 .4  
- 2 . 4 - - 1 .8  
- 1 .8 - - 1 .2  
- 1 .2  - - 0 .6
0.94 ±  0 .21 (sta t.) ±  0.12(sys.) 
3.57 ±  0 .30 (sta t.) ±  0.30(sys.) 
5.44 ±  0 .36 (sta t.) ±  0.45(sys.) 
3.79 ±  0 .31 (sta t.) ±  0.26(sys.) 
1.90 ±  0 .21 (sta t.) ±  0.11(sys.)
0 .0 2  ±  0 .0 1 (s ta t.) 
0.08 ±  0 .0 1 (s ta t.) 
0.45 ±  0 .03(sta t.) 
1.33 ±  0 .05(sta t.) 






10 <  Q 2 <  30 G eV 2
-3 .6  -  -3 .0  
-3 .0  -  -2 .4  
- 2 . 4 - - 1 .8  
- 1 .8 - - 1 .2
0.93 ±  0 .21 (sta t.) ±  0.12(sys.) 
2.60 ±  0 .25 (sta t.) ±  0.19(sys.) 
2.69 ±  0 .25 (sta t.) ±  0.19(sys.) 
0.86 ±  0 .15 (sta t.) ±  0.07(sys.)
0 .0 2  ±  0 .0 1 (s ta t.) 
0.06 ±  0 .0 1 (s ta t.) 
0 .2 2  ±  0 .0 2 (s ta t.) 





30 <  Q 2 <  350 G eV 2
-3 .0  -  -2 .4  
- 2 . 4 - - 1 .8  
- 1 .8 - - 1 .2  
- 1 .2  -  -0 .6
1.00 ±  0 .17 (sta t.) ±  0.11(sys.) 
2.72 ±  0 .26 (sta t.) ±  0.25(sys.)
3.00 ±  0 .27 (sta t.) ±  0.18(sys.) 
1.90 ±  0 .21 (sta t.) ±  0.11(sys.)
0 .0 2  ±  0 .0 1 (s ta t.) 
0.23 ±  0 .02(sta t.) 
1.14 ±  0 .05(sta t.) 





T ab le  6 . Measured differential cross-section . Details as in table 1.









F ig u re  4. Differential cross sections for the regions 10 < Q2 < 30 and 30 < Q 2 < 350 GeV2: 
(a, b) x ^ 8, (c, d) xpbs, and (e, f) A ^ . The inner and outer error bars show, respectively, 
the statistical uncertainty and the statistical and systematic uncertainties added in quadrature. 
The solid histograms are the Monte Carlo predictions from the sum of QQ photons from P y t h i a  
normalised by a factor 1.6 plus D j a n g o h - H e r a o l e s  LL photons. The dashed (dotted) lines show 
the QQ (LL) contributions.









F ig u re  5. Differential cross sections for the regions 10 < Q2 < 30 and 30 < Q 2 < 350 GeV2: 
(a, b) An, (c, d) A 3e,Y, and (e, f) An6’7. The inner and outer error bars show, respectively, 
the statistical uncertainty and the statistical and systematic uncertainties added in quadrature. 
The solid histograms are the Monte Carlo predictions from the sum of QQ photons from P y th i a  
normalised by a factor 1.6 plus D j a n g o h - H e r a c l e s  LL photons. The dashed (dotted) lines show 
the QQ (LL) contributions.





T he increased im portance of th e  LL com ponent a t h igher Q 2 is also reflected in the  
^meas d is trib u tio n . F igure 6  presents th e  and  xpbs cross sections on a logarithm ic
scale. T he d a ta  in th e  low-xmeas region are satisfacto rily  described by P y t h ia  w ith o u t th e  
need for fu rth e r h igher-order processes.
C om parisons of th e  d a ta  w ith  th e  A FG  and  BLZ pred ictions are presented  for the  
en tire  Q 2 range in figure 7 . T he u p d a ted  BLZ pred ictions describe th e  shape of m ost 
of th e  d is trib u tio n s reasonably  well, b u t th e re  is an  overestim ation  of ab o u t 2 0 % in th e  
overall cross section, and  th e  ex trem ely  peaked p red ic tion  for th e  x meas d is trib u tio n  is not 
in agreem ent w ith  th e  d a ta . T he A FG  predictions describe all th e  d is trib u tio n s well and 
also agree in th e  overall norm alisation .
C om parisons of th e  d a ta  w ith  th e  A FG  m odel in th e  tw o sep ara te  Q 2 ranges are 
shown in figures 8- 9 . In  th e  h igher Q 2 range, th e  descrip tion  by A FG  is excellent. In  th e  
lower range, th e  only dev ia tion  observable is in th e  A n  d is trib u tio n , w here th e  d a ta  show 
a tendency  tow ards h igher values th a n  th e  theory. T his m ight be re la ted  to  th e  cu t of 
2.5 GeV on th e  transverse  p ho ton  m om entum  applied in th e  A FG  calcu lation  [2 1 ].
10 Sum m ary
T he p rod u c tio n  of isolated pho tons accom panied by je ts  has been m easured in deep in­
elastic sca tte rin g  w ith  th e  ZEUS d etec to r a t H ER A , using an  in teg ra ted  lum inosity  of 
326 p b - 1 . E xpand ing  on earlier ZEUS resu lts [19], w hich stud ied  single-partic le d is tri­
bu tions, differential cross sections have been evaluated  as functions of pairs of m easured 
variables in com bination. T he k inem atic  region in th e  lab o ra to ry  fram e was defined by 
4 <  E T  < 15 GeV, - 0 .7  <  nY <  0.9, E^* > 2.5 GeV and - 1 .5  <  n et <  1.8. T he DIS 
electron  was constra ined  to  be in th e  angu lar range de >  140°, w ith  energy g rea te r th a n  
10 GeV and 10 <  Q 2 <  350 GeV 2 , w here Q 2 was determ ined  from  th e  electron  sca tte ring  
angle. T he je ts  were form ed according to  th e  k x -c lustering  algorithm  w ith  th e  R  p a ram ­
e te r set to  1.0. P h o to n  isolation was im posed such th a t  a t least 90% of th e  energy of the  
jet-like ob ject con tain ing  th e  pho ton  belonged to  th e  photon. D ifferential cross sections 
are presen ted  for th e  following variables: th e  fraction  of th e  incom ing pho ton  energy and 
m om entum  th a t  is tran sferred  to  th e  ou tgoing pho ton  and th e  leading je t; th e  fraction  of 
th e  incom ing p ro to n  energy tran sferred  to  th e  p h o ton  and  leading je t; th e  differences in 
az im uthal angle and  pseudorap id ity  betw een th e  ou tgoing p ho ton  and  th e  leading je t  and 
betw een th e  outgoing pho ton  and  th e  sca tte red  electron.
T he P y t h i a  p red ic tion  for th e  q u ark -rad ia ted  pho ton  com ponent plus th e  D ja n g o h -  
H e r a c l e s  ca lcu lation  for th e  lep to n -rad ia ted  com ponent describes all th e  d istrib u tio n s 
well if th e  P y t h i a  p red ic tion  is scaled up  by a facto r of 1.6. T his is also tru e  if th e  
d a ta  are d ivided in to  ranges above and  below a value of Q 2 =  30 G eV 2 . P red ic tions 
from  tw o theo re tica l m odels were also com pared to  th e  d a ta . T he BLZ m odel gives a fair 
descrip tion  of th e  d a ta  b u t does not give a good descrip tion  of th e  overall no rm alisation  or 
th e  shape of som e of th e  d istribu tions. T h e  A FG  m odel gives an  excellent descrip tion  of 
th e  norm alisation  and  alm ost all th e  d is trib u tio n s, b o th  for th e  en tire  d a ta  set and  for th e  
sep ara te  Q 2 ranges.






F ig u re  6 . Differential cross sections in (a, c, e) x ^ eas and (b, d, f) x .bs for (a, b) 10 < Q2 <
350 GeV2, (c, d) 10 < Q2 < 30 GeV2, and (e, f) 30 < Q2 < 350 GeV2. The distributions are as
shown in figures 3- 5 but with logarithmic vertical scale.









F ig u re  7 . Differential cross sections for selected variables in the full Q2 range 10 < Q2 < 350
GeV2: as in figure 3. Theoretical predictions from Aurenche et al. (AFG) and Baranov et al. (BLZ)
are shown, with scale uncertainties indicated by the bands.









F ig u re  8 . Differential cross sections for selected variables in the region 10 < Q2 < 30 GeV2 as
in figures 4, 5. Theoretical predictions from Aurenche et al. (AFG) are shown, with associated
uncertainties indicated by the bands.









F ig u re  9 . Differential cross sections for selected variables in the region 30 < Q2 < 350 GeV2 as
in figures 4, 5. Theoretical predictions from Aurenche et al. (AFG) are shown, with associated
uncertainties indicated by the bands.
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